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ABSTRACT
The increasing incidence of Type 1 diabetes has coincided with the emergence of the low-fiber, 
high-gluten Western diet and other environmental factors linked to dysbiosis. Since 
Lactiplantibacillus plantarum 299 v (Lp299v) supplementation improves gut barrier function and 
reduces systemic inflammation, we studied its effects in spontaneously diabetic DRlyp/lyp rats 
provided a normal cereal diet (ND) or a gluten-free hydrolyzed casein diet (HCD). All rats provided 
ND developed diabetes (62.5±7.7 days); combining ND with Lp299v did not improve survival. 
Diabetes was delayed by HCD (72.2±9.4 days, p = .01) and further delayed by HCD+Lp299v (84.9 
±14.3 days, p < .001). HCD+Lp299v pups exhibited increased plasma propionate and butyrate 
levels, which correlated with enriched fecal Bifidobacteriaceae and Clostridiales taxa. Islet transcrip-
tomic and histologic analyses at 40-days of age revealed that rats fed HCD expressed an autophagy 
profile, while those provided HCD+Lp299v expressed ER-associated protein degradation (ERAD) 
and antioxidative defense pathways, including Nrf2. Exposing insulinoma cells to propionate and 
butyrate promoted the antioxidative defense response but did not recapitulate the HCD+Lp299v 
islet ERAD transcriptomic profile. Here, both diet and microbiota influenced diabetes susceptibility. 
Moreover, Lp299v supplement modulated antioxidative defense and ER stress responses in β-cells, 
potentially offering a new therapeutic direction to thwart diabetes progression and preserve insulin 
secretion.
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Introduction

Type 1 diabetes (T1D) arises through autoimmu-
nity toward pancreatic β-cells. In recent decades 
T1D incidence has increased, while the age of 
onset and prevalence of high-risk HLA haplotypes

among newly diagnosed patients has declined.1 

These shifts are consistent with new environmental 
pressures that promote β-cell autoimmunity2 and 
coincide with the increasing use of antibiotics and 
popularity of the low-fiber, high-gluten Western
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diet.2–4 These altered environmental factors likely 
underlie the distinct gut microbiota of modern 
humans, which possess reduced abundances of 
fiber-fermenting, short-chain fatty acid (SCFA)- 
producing taxa.5 Together these changes are 
thought to foster dysbiosis and gut hyperperme-
ability, thereby increasing microbial antigen expo-
sure and systemic inflammation.2,3 An 
inflammatory state consistent with microbial anti-
gen exposure exists in T1D families6 and the 
BioBreeding (BB) rat diabetes model.7,8 In BB 
rats, this inflammatory state extends to the pancrea-
tic islets, which express a transcriptome consistent 
with microbial antigen exposure, and where β-cells 
begin expressing immunocyte-recruiting chemo-
kines by 40-days of age, prior to insulitis.8–10

Exposure of β-cells to cytokines and chronic 
inflammation disrupts endoplasmic reticulum 
(ER) homeostasis, promotes the accumulation of 
unfolded/misfolded protein, and triggers the 
unfolded protein response (UPR).11 The UPR is 
activated through three sensor proteins: protein 
kinase RNA-like ER kinase (Perk), activating tran-
scription factor 6 (Atf6), and inositol requiring 
kinase-1α (Ire1α). The UPR promotes recovery 
and survival by arresting translation to reduce ER 
input, increasing chaperone expression to enhance 
protein folding capacity, enhancing antioxidative 
stress responses, and upregulating transcription of 
the ER-associated protein degradation (ERAD) and 
autophagy pathways to respectively foster removal 
of misfolded proteins and protein aggregates from 
the ER. Chronic hyperactivation of the UPR 
induces apoptosis.11

ER homeostasis is closely linked to the ER redox 
state, as disulfide bond formation involves the 
transfer of electrons from protein disulfide isomer-
ase to endoplasmic reticulum oxidase 1 to molecu-
lar oxygen, thereby generating hydrogen peroxide. 
While normal cellular functions, including mito-
chondrial respiration, produce reactive oxygen spe-
cies (ROS), inflammation and ER stress can 
promote ROS production that outpace antioxida-
tive defense mechanisms. In many model systems, 
ER stress and oxidative stress promote one another, 
ultimately impairing cell function and activating 
pro-apoptotic signaling.12

In non-obese diabetic (NOD) mice, diabetes 
onset is preceded by elevated ER-stress markers

within the islet,13 and chemical chaperone treat-
ment mitigates diabetes by attenuating ER stress.14 

ER stress in β-cells precedes virally induced dia-
betes in BB DR+/+ rats,15 and UPR activation has 
been described in β-cells of T1D patients.16 

Importantly, ER stress in β-cells may foster post- 
translational protein modifications that generate 
neoantigens recognized by diabetogenic 
T-cells.17,18 In this way, environmental changes 
that foster dysbiosis, systemic inflammation, and 
islet stress may promote breaks in tolerance and 
T1D progression.

Gluten intolerance is associated with T1D. In 
rodent models, gluten-free diets favorably alter the 
gut microbiome, lower systemic inflammation, and 
prevent diabetes,8,19 whereas high gluten consump-
tion early in life has been associated with T1D 
development in children.20 Probiotic and dietary 
supplements that increase SCFA levels prevent dia-
betes in rodent models and favorably alter immune 
profiles in T1D family members and patients.21,22 

How such supplements impact pancreatic islets 
in vivo remains incomplete. Therefore, we studied 
Lactiplantibacillus plantarum 299 v(Lp299v) sup-
plementation in spontaneously diabetic BB DRlyp/ 
lyp rats provided gluten-containing and gluten-free 
diets. In the absence of gluten, Lp299v favorably 
alters the gut microbiota, increases circulating 
SCFA, modulates β-cell UPR and antioxidative 
defenses, and prevents diabetes.

Methods

Animals

This study utilized DRlyp/lyp rats. DRlyp/lyp rats 
possess the RT1u/u class II MHC (Iddm1) and are 
lymphopenic due to Gimap5 deficiency (Iddm2).23 

When provided a normal cereal diet (ND), 100% of 
DRlyp/lyp rats develop diabetes independent of 
gender.8,9 Nondiabetic Flyp/lyp rats were generated 
through introgression of Iddm1 and Iddm2 from 
BB rats onto the Fischer (F344) background.24 Rats, 
sourced from colonies maintained at the Medical 
College of Wisconsin, were provided chow and 
water ad libitum, and housed at 20.9°C with 12- 
hour light/dark cycles. All protocols followed The 
National Institutes of Health Guide for the Care 
and Use of Laboratory and were approved by the
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Medical College of Wisconsin Institutional Animal 
Care and Use Committee (Assurance Number 
A3102-01).

At 21-days of age, DRlyp/lyp littermates were 
randomly weaned onto ND, containing both plant 
and animal protein sources (LabDiet 5L0D, Purina, 
St. Louis, MO, USA), or a gluten-free hydrolyzed 
casein diet (HCD, Modified AIN-93 G diet, Dyets 
Inc., Bethlehem, PA, USA). These compositionally 
similar diets differ in protein source and gluten 
content.8 Subgroups of DRlyp/lyp rats receiving 
these diets were supplemented with 50 × 106 

CFU/gram body weight/day Lactiplantibacillus 
plantarum 299v (Lp299v, NextFoods, Boulder, 
CO, USA) by oral gavage from weaning. The com-
position of the probiotic was confirmed to be 
>99.999% Lp299v through metagenomic sequen-
cing using MetaPhlAn v.3.0 (20x106 reads per sam-
ple; Diversigen, Waco, TX, USA). T1D onset was 
defined as the first of two consecutive days with 
fasting blood glucose ≥ 250 mg/dl. Flyp/lyp rats 
were weaned at 21 days onto ND without Lp299v. 
Blood was drawn by cardiac puncture into EDTA 
vacutainer tubes while rats were under isoflurane 
anesthesia. Plasma was separated by centrifugation 
and stored at −80°C.

Analysis of fecal microbiota

Stool, collected from 40-day old pups, was imme-
diately homogenized in phosphate buffered saline 
(PBS). DNA was extracted using the DNeasy 
PowerLyzer PowerSoil Kit (QIAGEN, 
Germantown, MD, USA). The V4 region of the 
16S rDNA gene was amplified by polymerase 
chain reaction (PCR) and sequenced (Diversigen) 
on the MiSeq platform (Illumina, San Diego, CA, 
USA) using the 2x250-bp protocol.25 Paired-end 
16S rRNA gene sequencing reads were analyzed 
with QIIME2 (v.2020.8).26 Representative 
sequences were selected, and chimeric sequences 
were removed using DADA2.27 The representative 
sequences were aligned,28 masked for hypervariable 
regions, and phylogenetic trees were produced.29 

A classifier was generated to assign taxonomy to 
the reads using the 99% similarity files of the SILVA 
132 release and the 515–806 region (V4) of the 16S 
gene.30 Taxonomy was assigned to the feature table 
to generate relative abundance tables. Alpha and

beta diversity were analyzed using QIIME2. 
Principal Coordinate Analysis plots were examined 
using Emperor.31 LEfSe, Linear discriminant ana-
lysis (LDA) effect size was used to identify enriched 
taxa in each treatment group.32 Sequencing data 
has been deposited at The National Center for 
Biotechnology Information Sequence Read 
Archive (Accession Number: PRJNA854152).

Measurement of plasma analytes

Plasma cytokine/chemokine levels (eotaxin, CCL5, 
CXCL10, G-CSF, GM-CSF, Fractalkine, IL-1a, IL- 
1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12(p70), IL-13, 
IL-17A, IL-18, MCP-1, MIP-1a, RANTES, TGFB1, 
TGFB2, TGFB3, TNFa, VEGF) were measured by 
30-plex ELISA (Eve Technologies, Calgary, AB. 
Canada). Circulating SCFA levels (acetate, propio-
nate, isobutyrate, butyrate, isovalerate, valerate, iso-
caproate, hexanoate) were measured by mass 
spectrometry at the Mayo Clinic Metabolomics 
Research Core as described.33 Commercial ELISAs 
were used to quantify non-fasting proinsulin 
(Mercodia, Uppsala, Sweden) and C-peptide 
(Crystal Chem, Elk Grove, IL, USA) in plasma.

Islet transcriptomic analyses

Pancreatic islets were isolated from 40-day-old 
rats and transcriptomic analysis utilized 
Affymetrix RG230 2.0 arrays (Affymetrix, Santa 
Clara, CA, USA) as described.8 Array images 
were quantified with Affymetrix Expression 
Console Software, then normalized and analyzed 
with Partek Genomic Suite (Partek Inc, St. Louis, 
MO, USA). Data files have been deposited at The 
National Center for Biotechnology Information 
Gene Expression Omnibus (accession number: 
GSE198617). Expression differences were assessed 
by non-parametric rank product tests and false 
discovery rates (FDR) to investigate the rate of 
type I errors in multiple testing.34 Ontological 
analyses were conducted with the Database for 
Annotation, Visualization, and Integrated 
Discovery version 6.7.35

Spliced Xbp1 (sXbp1) transcript was measured 
by quantitative real-time PCR using sXbp1-specific 
primers,36 QuantumRNA 18S internal standards 
kit (ThermoFisher, Waltham, MA, USA), and
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QuantiTect SYBR Green PCR Master Mix (Qiagen, 
Hilden, Germany) per the manufacturer’s 
instructions.

Immunofluorescent staining

Immunofluorescent staining of pancreata was con-
ducted as described.9 Primary staining utilized the 
following antibodies: Eif4g (Cell Signaling 
Technology, Beverly, MA, USA; #8701), Os9 
(Abcam, Cambridge, UK; ab109510), Tollip 
(Proteintech, Chicago, IL, USA; 11315-1-AP), Gsta 
(Thermofisher Scientific; PA5-79335), Nrf2 
(Proteintech; 16396-1-AP), and Keap1 (Proteintech; 
10503-2-AP), in combination with mouse monoclo-
nal anti-insulin Abs (Sigma-Aldrich, St. Louis, MO, 
USA, I2018). Secondary staining utilized Alexa594- 
conjugated donkey anti-goat IgG, or Alexa594- 
conjugated donkey anti-rabbit IgG, and FITC- 
conjugated donkey anti-mouse IgG (all from 
Jackson ImmunoResearch Laboratories, West Grove 
PA, USA). Nuclear counterstaining utilized DAPI 
(Invitrogen, Waltham, MA). Images were collected 
using a fluorescence microscope (Keyence, Itasca, IL, 
USA) and analyzed with the Fiji software package for 
ImageJ (https://imagej.nih.gov.ij/).

Rat insulinoma cell culture

RINm5f cells (ATCC, Rockville, MD, USA) were 
propagated as described37 and subcultured for 
24 hours in medium possessing propionate and buty-
rate at each of the following concentrations: 0 µM/0 
µM, 30 µM/6 µM, 60 µM/12 µM, 120 µM/24 µM, 
240 µM/48 µM, 1500 µM/300 µM, and 500 µM/ 
500 µM. For each experimental condition, RNA was 
prepared from 3 replicate pools; each pool was pre-
pared from 3 individual cultures. Transcriptomic 
analysis was conducted as described above.

Results

Lp299v supplement delays T1D onset

As previously observed,8,9 all DRlyp/lyp ND rats 
developed T1D by day 83. The mean time to onset 
for DRlyp/lyp ND rats was 62.5±7.7 days (mean ± 
standard deviation), 62.6±6.5 days for DRlyp/lyp 
ND+Lp299v rats, 72.2±9.4 days for DRlyp/lyp

HCD rats, and 84.9±14.3 days for DRlyp/lyp HCD 
+Lp299v rats (Figure 1a, b). While T1D was not 
delayed in DRlyp/lyp ND+Lp299v rats relative to 
DRlyp/lyp ND rats, one DRlyp/lyp ND+Lp299v rat 
did not develop diabetes. Relative to DRlyp/lyp ND 
rats, onset was delayed in DRlyp/lyp HCD rats and 
8.3% did not develop diabetes. DRlyp/lyp HCD 
+Lp299v rats exhibited the most robust delay of 
T1D onset relative to DRlyp/lyp ND rats and were 
also delayed relative to DRlyp/lyp HCD rats; 
further, 25% of the DRlyp/lyp HCD+Lp299v rats 
were protected from developing diabetes during the 
130-day study period.

Plasma cytokine and metabolite analyses

Plasma cytokine/chemokine levels were measured 
at 40-days of age, which is prior to the development 
of insulitis in DRlyp/lyp rats provided ND.10 

Elevated levels of IL-1B, CCL5, GM-CSF, IL-10, 
MCP-1, eotaxin, IL-4, IL-12(p70), IL-6, TNFa and 
G-CSF were measured in DRlyp/lyp ND rats com-
pared to Flyp/lyp ND rats. Lp299v supplement of 
DRlyp/lyp rats under either diet did not alter 
plasma cytokine/chemokine levels (Figure S1).

SCFA exert anti-inflammatory effects on 
immune cells38–41 as well as beneficial effects on 
insulin secretion and β-cell survival/proliferation.42 

Acetate, propionate and butyrate are the most 
abundant SCFA in the gut compared to isobutyrate, 
valerate, and isovalerate.43 This pattern was gener-
ally observed for plasma SCFA of 40-day-old rats 
across the groups (Figure 1c). Significantly higher 
propionate and butyrate levels were measured in 
DRlyp/lyp HCD+Lp299v rats relative to all other 
DRlyp/lyp groups. Overall, the SCFA profile of 
DRlyp/lyp HCD+Lp299v rats was most correlated 
with nondiabetic Flyp/lyp rats (Figure 1d).

Analysis of the microbiota

The stool microbiome of 40-day old rats from each 
group was analyzed by 16S rRNA gene sequencing. 
Among the groups, α-diversity (richness and even-
ness of amplicon sequence variants (ASVs) within 
a population) did not significantly differ. Among 
the groups, β-diversity (differences in ASV abun-
dances between populations) was different in 9 of 
the 10 pair-wise comparisons (Figure 2a), and
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Figure 1. Lp299v supplement is associated with increased survival and elevated plasma propionate and butyrate levels. The probiotic 
was suspended in PBS and administered by oral gavage. Blood glucose was monitored from 40-days of age. T1D onset was defined as 
the first of two consecutive days with fasting blood glucose ≥ 250 mg/dl. A. Progressive improvements in diabetes-free survival were 
observed when providing DRlyp/lyp rats ND, ND+Lp299v, HCD, and HCD+Lp299v from weaning. The median age of survival of the ND 
group was 70 days (range 48–83 days), for the ND+Lp299v group it was 61 days (range 55–130 days), for the HCD group it was 
72.5 days (range 56–130 days), and for the HCD+Lp299v group it was 91 days (range 57–130 days). As expected, Flyp/lyp control rats 
did not develop diabetes. B. Statistical significance of survival differences (Gehan-Wilcoxon test) are tabulated for each pairwise 
comparison. C. Plasma samples of 40-day-old rats were assayed in duplicate for circulating SCFA. Levels are shown as a heatmap with 
tabulated means and standard deviations for each study group. All groups were compared to DRlyp/lyp ND: * indicates p < .05 and ** 
represents p < .001 (t-test, two-tailed). D. Pearsons Correlation Coefficients between the SCFA profile of the DRlyp/lyp ND group versus 
the other groups are shown. Indicated in parentheses are, respectively, the lower and upper 0.95 confidence intervals.
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lower in DRlyp/lyp HCD rats compared to DRlyp/ 
lyp HCD+Lp299v rats. Principal coordinate analy-
sis shows that strain and diet had a larger influence 
on β-diversity than did Lp299v supplement.

Among DRlyp/lyp rats provided ND and HCD, 
with and without Lp299v supplementation, we iden-
tified differentiating features within the stool com-
munities using the Linear Discriminant Analysis 
(LDA)-based LEfSe approach.32 The structures of 
enriched bacteria in the communities were distinct 
(Figure 2b). The phylum Bacteroidetes was 
a differentiating feature of DRlyp/lyp ND rats (LDA 
score = 4.84, p = .02), consistent with the associations 
of this phylum with human T1D progression.44 

Helicobacteraceae family members, constituents of 
the normal gut flora and recognized pathogenic 
agents in colitic diseases,45 were also associated with 
the DRlyp/lyp ND group (LDA score = 4.1, p = 2.3E- 
03). The phylum Actinobacteria (LDA score = 4.75, 
p = 1.2E-03) which includes the family 
Bifidobacteriaceae (LDA score = 4.72, p = 1.1E-03) 
were distinguishing features of DRlyp/lyp HCD 
+Lp299v rats. Actinobacteria generally comprise 
a small percentage of the microbiota but are impor-
tant in maintaining gut homeostasis,46 some 
Bifidobacteriaceae family members directly produce 
butyrate, propionate, and/or acetate, while others 
promote the growth of butyrogenic taxa through 
bacterial cross-feeding.47 The plasma propionate 
and butyrate levels positively correlated with the 
abundance of Bifidobacteriaceae in the stool commu-
nity of DRlyp/lyp HCD+Lp299v rats (Spearman 
Correlation: propionate = 0.47, butyrate = 0.45, 
p = .001). Erysipelotrichaceae and Clostridiales 
FamilyXIII Anaerovorax were also differentiating fea-
tures of the DRlyplyp HCD+Lp299v microbiota. The 
Clostridiales Family XIII Anaerovorax in DRlyp/lyp 
HCD+Lp299v stool also exhibited high correlations 
with plasma levels of propionate and butyrate 
(Spearman correlation: propionate = 0.58, p = .007, 
butyrate = 0.47, p = .03). Taken with the survival data 
and SCFA measurements, this analysis suggests that 
DRlyp/lyp HCD+Lp299v rats experienced the most 
beneficial alterations in the microbiota.

Analysis of islet transcriptomes

The islet transcriptome of each group was exam-
ined at 40-days of age. We compared all groups to

DRlyp/lyp ND islets and also directly compared 
DRlyp/lyp HCD and DRlyp/lyp HCD+Lp299v 
islets. A total of 5,325 differentially expressed 
probe sets were identified (│log2 ratio│ ≥0.263 
and FDR<20%, Figure S2A). Hierarchical cluster-
ing and Pearson’s correlations found DRlyp/lyp ND 
and Flyp/lyp ND islets most dissimilar (Figure S2B 
and S2C). Pathway analyses identified Gene 
Ontology (GO) annotations related to bacterial 
antigen exposure, inflammation, ER function, ER 
stress, UPR, and glutathione metabolism (Figure 
S2D) differently enriched across the groups.

Independent of diet, Lp299v supplement 
reduced islet expression of certain transcripts asso-
ciated with immune regulation (Il6r), fibrosis 
(Col1a2, Col1a3), and exposure to lipopolysacchar-
ide (C7, Ednrb, Colec12). However, many immune 
transcripts exhibited discordant changes after 
Lp299v supplement in a diet dependent manner 
(Figure 3). Increased expression of B2m, Cxcl2, 
Cxcl9, Cxcl10, Cxcl11, Irf1, and Irf7 was observed 
in DRlyp/lyp ND+Lp299v islets, while decreased 
expression was observed in DRlyp/lyp HCD 
+Lp299v islets, suggesting a greater anti- 
inflammatory effect under gluten-free conditions.

Across the groups, numerous UPR-related tran-
scripts exhibited differential expression (Figure 3a, 
Table S1). Relative to Flyp/lyp rats, DRlyp/lyp islets 
expressed lower levels of the chaperone Bip and its 
insulin-binding co-chaperone Dnajb9, which were 
not modulated by diet or Lp299v. Differences in 
transcripts encoding IRE1α (Ern1), Perk (Eif2ak3), 
or Eif2a expression were not observed. However, 
Parp16, which encodes a protein required for Perk, 
Ire1α and UPR activation,48 and Ddrgk1 which 
encodes a protein that controls IRE1α protein 
stability,49 were significantly upregulated in 
DRlyp/lyp HCD+Lp299v islets. Atf4 expression 
was highest in DRlyp/lyp ND islets and significantly 
reduced in DRlyp/lyp HCD+Lp299v islets. Atf6 
transcript was not different between DRlyp/lyp 
ND and Flyp/lyp ND islets, however, Lp299v 
increased Atf6 expression, most significantly in 
DRlyp/lyp rats provided HCD. DRlyp/lyp HCD 
+Lp299v islets expressed the lowest levels of Vapb, 
which encodes a protein that activates the Ire1/Xbp 
pathway and inhibits the Atf6 pathway.50 

Differences in total Xbp1 expression were not 
detected, however the highest spliced Xbp1
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Figure 2. Analysis of the fecal microbiota in the DRlyp/lyp ND (n = 7), DRlyp/lyp ND+Lp299v (n = 13), DRlyp/lyp HCD (n = 7), DRlyp/lyp 
HCD+Lp299v (n = 8) and Flyp/lyp (n = 7) groups. A total of 857,129 quality reads were obtained from the 40 samples. The sequences 
were collapsed into 1,465 unique ASVs, and represented a total of 14 phyla, 22 classes, 31 orders, 62 families, 172 genera, and 292 
species. A. Beta diversity was assessed among experimental conditions using the Bray-Curtis dissimilarity index and displayed as 
a Principal Coordinate Analysis plot. B. Cladogram of the fecal communities of the DRlyp/lyp ND, DRlyp/lyp ND+Lp299v, DRlyp/lyp HCD, 
and DRlyp/lyp HCD+Lp299v groups. The nodes indicate the abundance of the microorganism. The segments with different colors show 
the most abundant phyla and the corresponding dominant branches. Different shading denotes different taxonomic levels.
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Figure 3. Components of the UPR are differentially expressed by DRlyp/lyp ND and Flyp/lyp ND islets and are modulated by HCD and 
Lp299v supplement. A. UPR activation pathways. Under normal conditions, the three major arms of the UPR are inactive due to the 
binding of Bip (binding immunoglobulin protein), which serves both as a chaperone and sensor of unfolded protein. With the 
accumulation of unfolded protein, Bip disassociates from Ire1α, Perk, and Atf6. Ire1α and Perk undergo dimerization and autopho-
sphorylation. Activated IRE1α cleaves Xbp1 mRNA, and when translated, spliced Xbp1 (sXbp1) mediates transcription of chaperones 
and genes necessary for lipid synthesis, ERAD, and autophagy. Activated Perk phosphorylates eIF2α, which inihibits translation and 
activates Atf4. Atf4 fosters the transcription of genes encoding chaperones, oxidoreductases, ERAD, and autophagy. Atf6 translocates 
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(sXbp1) expression was observed in DRlyp/lyp 
HCD islets (Figure 3c).

All three arms of the UPR can activate ERAD, 
which targets misfolded proteins within the ER for 
ubiquitination and proteasomal degradation 
(Figure 3a). Independent of diet, Lp299v supple-
ment increased UDP-glucose-glycoprotein gluco-
syltransferase (Uggt1) expression, which 
reglucosylates incompletely folded glycoproteins 
and promotes their reassociation with the chaper-
ones calreticulin and calnexin. Transcripts encod-
ing these chaperones (Calr, Canx) were also 
increased by HCD and Lp299v in DRlyp/lyp islets. 
Misfolded proteins are removed from calnexin and 
calreticulin by ER degradation-enhancing α- 
mannosidase-like protein family members 
(EDEM) and ER mannosidase I, fostering their 
retrotranslocation from the ER to the cytosol. 
Numerous ERAD-related transcripts (Aup1, 
Edem1, Edem2, Fbxo32, Man1b1, Os9, Sel1l, and 
Uba1) exhibited the highest expression in DRlyp/ 
lyp HCD+Lp299v islets. Further, Serp1, which is 
induced by ER stress and protects unfolded pro-
teins from ERAD, exhibited the lowest expression 
in DRlyp/lyp HCD+Lp299v islets. Ufd1 transcript 
was lowest in DRlyp/lyp HCD+Lp299v islets, 
repression of this ubiquitin-recognition protein 
triggers cell cycle delay to foster efficient ERAD- 
mediated clearance of misfolded protein.51 Overall, 
the DRlyp/lyp HCD+Lp299v islet transcriptome 
was consistent with enhanced ERAD activity 
(Figure 3b).

The DRlyp/lyp HCD+Lp299v islet transcrip-
tome exhibited higher abundance of transcripts 
related to translation initiation, positive regula-
tion of insulin secretion, chaperone binding and 
protein processing (Figure 3b). This included 
eukaryotic initiation factors, including Eif4g1 
which regulates glucose homeostasis and β-cell 
function,52 and Eif3f a translational enhancer 
that improves protein synthesis efficiency.53 Eef2

and Eef1d, which encode translation elongation 
factors, were also most abundant in DRlyp/lyp 
HCD+Lp299v islets. DRlyp/lyp HCD+Lp299v 
islets exhibited reduced abundance of transla-
tional repressors (Paip2, Eif4g2, Fmr, Cirbp), 
while showing high abundance of transcripts 
encoding products required for protein proces-
sing within the ER. These included Ssr2 and 
Sec61a1, necessary for translocating nascent pep-
tides into the ER, and chaperones/co-chaperones 
(Cdc37, Creld2, Dnajb11, Hsp90b1, Pfdn1, 
Serpinh1, Sil1) including Dnajc3 which maintains 
insulin-folding homeostasis.54 Transcripts encod-
ing isomerases (Ppib, Fkbp11, Pdia6) and oxidases 
necessary for protein maturation within the ER 
exhibited higher abundance in DRlyp/lyp HCD 
+Lp299v islets, this included quiescin sulfhydryl 
oxidase 1 (Qsox1), which also acts to inhibit 
autophagy.

ER stress that exceeds the capacity of the UPR 
and ERAD can induce autophagy, a process that 
sequesters compromised portions of the ER within 
autophagic vesicles and delivers them to lysosomes 
for degradation. While DRlyp/lyp HCD+Lp299v 
islets exhibited high relative expression of some 
autophagy-related transcripts (Atg4d, Atg9a, 
Atg14, Ulk1), the biological process “positive regu-
lation of macroautophagy” was most enriched in 
DRlyp/lyp HCD islets (Figure S2D) and numerous 
transcripts annotated under this GO Term (Atg12, 
Bnip3, Hif1a, Gabarapl1, Gabarapl2, Rab1a, Rab7a, 
Rab12, Scoc, Tollip, Ubqln1, Wac) were most abun-
dant in this group (Figure 3b).

Unresolved ER stress promotes apoptosis. 
Across the groups, transcript levels for many pro- 
apoptotic Bcl2 family members (Bad, Bak, Bax, Bik, 
Bid) were not different. However, DRlyp/lyp HCD 
+Lp299v islets exhibited greater abundance of the 
apoptosis inducer Bok, while DRlyp/lyp HCD islets 
exhibited greater abundance of Bcl2l11, which 
encodes the apoptotic initiator Bim. Casp2 and

to the Golgi complex after it is released from Bip, where it is cleaved to generate Atf6f. Atf6f fosters transcription of genes encoding 
protein chaperones and ERAD, and triggers β-cell proliferation. The induction of Akt1 and reduction of Txnip inhibit cell death. 
Prolonged ER stress and UPR activation increase caspase and Txnip expression, and activate apoptotic pathways. Heatmaps for 
regulated transcripts belonging to these pathways are shown, group order and thresholds match heatmaps shown in panel 
B. B. Expression levels of well annotated transcripts related to immune function and UPR activation. The comparisons that reached 
a threshold of │log2 ratio│ ≥ 0.263 and FDR<20% are indicated: a. DRlyp/lyp ND versus DRlyp/lyp ND+Lp299v; b. DRlyp/lyp ND versus 
DRlyp/lyp HCD; c. DRlyp/lyp ND versus DRlyp/lyp HCD+Lp299v; d. DRlyp/lyp HCD versus DRlyp/lyp HCD+Lp299v; e. DRlyp/lyp ND versus 
Flyp/lyp ND. C. Measurement of islet sXBP1 expression by quantitative RT-PCR in 5–6 individual rats per group at 40-days of age. Solid 
line indicates mean, dotted line indicates standard deviation. The statistical significance of differences was assessed using a t-test (two- 
tailed).
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Casp3, which are involved in the execution-phase 
of apoptosis, were elevated in DRlyp/lyp HCD islets 
and reduced by Lp299v supplement. Transcripts for 
other apoptosis mediators also showed reduced 
abundance in DRlyp/lyp HCD+Lp299v islets 
(Cav1, Pdcd4, Gadd34, Txnip). DRlyp/lyp HCD 
islets expressed the highest expression of the cas-
pase inhibitors Xiap and Birc2, while DRlyp/lyp 
HCD+Lp299v islets exhibited higher abundance 
of transcripts related to survival/proliferation 
(Akt1, Mki67, Hyou1, Bdnf, Bag1).

Overall, the analyses suggest that DRlyp/lyp 
HCD+Lp299v islets expressed a transcriptional 
program favoring ERAD, chaperone expression/ 
protein processing, and cell survival/proliferation, 
whereas DRlyp/lyp HCD islets exhibited a signature 
consistent with autophagy.

UPR protein expression and localization

Pancreatic islets consist of α, β, γ, and δ cells which 
respectively produce glucagon, insulin, pancreatic 
polypeptide, and somatostatin and possess respec-
tive distributions of ~21%, ~68%, ~5%, and ~6%. 
To colocalize and confirm activities detected in the 
transcriptomic analyses to β-cells, pancreata of 40- 
day old rats were subjected to immunofluorescence 
staining for insulin and UPR-related proteins.

The DRlyp/lyp HCD+Lp299v islet transcriptome 
was consistent with enhanced ERAD and included 
Os9, which encodes an ER-resident lectin that deli-
vers misfolded glycoproteins to the Sel1L-Hrd1 
ERAD complex. Staining for Os9 colocalized with 
insulin. In line with the transcriptomic data, the 
quantified Os9 signal in β-cells was higher in the 
DRlyp/lyp HCD+Lp299v group relative to the other 
groups (Figure 4a).

The DRlyp/lyp HCD islets transcriptome was 
consistent with enhanced autophagy and included 
Tollip, which encodes a protein that mediates the 
recruitment of autophagy receptors to protein 
aggregates.55 While immunofluorescent staining 
for Tollip was detected in cells located at the islet 
periphery (α-cells) in all groups, the quantified 
Tollip signal of insulin-positive β-cells was signifi-
cantly higher in DRlyp/lyp HCD+Lp299v islets rela-
tive to the other groups, paralleling the 
transcriptomic data (Figure 4b).

Translation initiation complex proteins, includ-
ing Eif4g1,52 are key regulators of insulin biosynth-
esis. Immunofluorescent staining localized islet 
Eif4g1 expression to β-cells. Consistent with the 
transcriptomic analysis, higher Eif4g1 expression 
was observed in DRlyp/lyp HCD+Lp299v β-cells 
relative to the other groups (Figure 4c).

The transcriptomic studies revealed differential 
expression related to cell fate/proliferation, particu-
larly between DRlyp/lyp HCD and DRlyp/lyp HCD 
+Lp299v islets. However, TUNEL and Ki67 immu-
nofluorescent staining did not detect differences in 
the number of apoptotic and proliferating islet cells 
in 40-day-old rats of the groups (data not shown).

Response of rat insulinoma cells to SCFA

To gain insight on how SCFA potentially influ-
enced the islet phenotypes, we conducted transcrip-
tomic analyses on RINm5f cells cultured with 
propionate and butyrate levels that spanned the 
plasma concentrations measured across the groups. 
The number of differentially expressed transcripts 
increased in a concentration-dependent manner 
across the culture conditions (Figure 5a, b, Table 
S1). In total, 3,705 probe sets were detected and 
a significant proportion of these overlapped with 
those regulated among islets of the groups (1,079/ 
5,325 probe sets, 20.3%, X2, p < 10E-10). However, 
this intersection did not include the well-annotated 
UPR-related transcripts illustrated in Figure 3. 
Further, ontological analysis failed to identify GO 
annotations related to UPR, ERAD, or autophagy, 
suggesting that butyrate and propionate did not 
directly mediate the enhanced ERAD activity 
observed in DRlyp/lyp HCD+Lp299v islets.

Consistent with the islet data set, ontological 
analysis of the 1,079 probe set intersection 
detected GO annotations related to glutathione 
metabolism and antioxidant defense, including 
glutathione transferase activity (p = 1.6E-2), cellu-
lar oxidant detoxification (p = 2.7E-2), and glu-
tathione binding (p = 4.1E-2). Transcripts 
associated with these terms exhibited SCFA con-
centration-dependent increases in RINm5f cells 
and also exhibited the highest expression in 
DRlyp/lyp islets (Figure 5c). These included 
many glutathione S-transferase (Gst) isoforms 
(Gsta4, Gstk1, Gstp1, Gstm3, Gstm5, and Mgst2),
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Figure 4. Immunofluorescence staining was performed on frozen pancreatic sections of 40-day-old rats for localization and 
quantification of relevant markers to β-cells. For each staining protocol, 3–5 animals were evaluated for each experimental condition, 
and 12–30 islets per animal were examined. For each protocol, negative controls lacking primary antibodies failed to show staining 
(not shown). As indicated, panels A-C show representative staining for DRlyp/lyp ND, DRlyp/lyp ND+Lp299v, DRlyp/lyp HCD, DRlyp/lyp 
HCD+Lp299v, and F+/+ ND islets under each staining protocol. The bottom panel of each analysis shows quantification of fluorescence 
intensity in islets of the five experimental conditions for each staining protocol. * indicates p < .05; ** indicates p < .01 (t-test, 1-tailed). 
Magnification ×40; scale bar 50 μm. A. Os9 (ERAD marker, Alexa594/red), insulin (FITC/green), and nuclei (DAPI/blue). B. Tollip 
(autophagy marker, Alexa594/red), insulin (FITC/green), and nuclei (DAPI/blue). C. Eif4g1 (eukaryotic initiation factor, Alexa594), insulin 
(FITC/green), and nuclei (DAPI/blue).
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Figure 5. Induction of antioxidative defense responses by SCFA. A. RINm5f cells were cultured in the presence of propionate and 
butyrate for 24 hours. Gene expression profiling was conducted on three independent cultures for each experimental condition. The 
data structure defining the number of total probe sets regulated to thresholds (│log2 ratio│ ≥ 0.585 (1.5-fold) and FDR<20%) in 
each comparison when compared to cultures lacking SCFA is shown. B. Venn diagram illustrating relationship between the RINm5f 
data set to the islet data set (Figure 4). C. Expression levels of well-annotated transcripts related to antioxidative defense in RINm5f 
cells after exposure to SCFA (left) and in day 40 DRlyp/lyp ND, DRlyp/lyp ND+Lp299v, DRlyp/lyp HCD, DRlyp/lyp HCD+Lp299v, and F 
+/+ ND islets (Nfe2l2 did not meet both fold of change threshold in RINm5f cells). D., E., F., Immunofluorescence staining was 
performed on frozen pancreatic sections of 40-day-old rats for localization and quantification of antioxidative defense markers to β- 
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enzymes that detoxify reactive electrophilic com-
pounds by catalyzing their conjugation to glu-
tathione. Transcripts for other antioxidative 
defense (Anpep, Creg1, Pon3, Prxl2a, Rest, Sqor), 
cytoprotective (Arhgef28, Dcxr, Osgin1, Pdgfc) and 
antiapoptotic proteins (Tcf7l2) were similarly 
upregulated. Keap1 was down-regulated by SCFA 
and exhibited the lowest expression DRlyp/lyp 
HCD+Lp299v islets. Keap1 encodes a negative 
regulator for nuclear factor E2 p45-related factor 
2 (Nrf2), a transcription factor that activates many 
antioxidant defense genes. While exhibiting an 
expression pattern paralleling the aforementioned 
genes, Nrf2 transcript (Nfe2l2) was not regulated 
to thresholds in RINm5f cells. However, Nfe2l2 
was regulated to thresholds in the islet data set 
and exhibited the highest expression in DRlyp/lyp 
HCD+Lp299v islets. Consistent with this observa-
tion, numerous transcripts downstream of Nrf2 
were more abundant in DRlyp/lyp HCD+Lp299v 
islets (Gsta4, Gstm3, Gstp1, Lpl, Mgst2). 
Immunofluorescent staining localized islet Gsta 
and Nrf2 expression to β-cells and confirmed 
their higher expression in DRlyp/lyp HCD 
+Lp299v compared to DRlyp/lyp HCD islets 
(Figure 5d,e). Immunofluorescent staining con-
firmed lower Keap1 expression by DRlyp/lyp 
HCD+Lp299v islets compared to DRlyp/lyp HCD 
islets (figure 5f). These results support that buty-
rate and propionate contributed to the increased 
antioxidative defense response observed in DRlyp/ 
lyp HCD+Lp299v islets.

Assessment of β-cell function

ER dysfunction in β-cells is characterized by the 
accumulation and secretion of proinsulin,56 which 
can be detected by measurement of the ratio of 
circulating proinsulin to C-peptide. Higher proin-
sulin to C-peptide ratios denote ER dysfunction 
and elevated ratios have been found to precede

diabetes onset. DRlyp/lyp ND rats possessed signif-
icantly higher proinsulin:C-peptide ratios com-
pared to DRlyp/lyp HCD and DRlyp/lyp HCD 
+Lp299v rats (Figure S3). The proinsulin: 
C-peptide ratio was impacted more by the diet 
than by Lp299v supplement, and when comparing 
within diet, Lp299v did not significantly improve or 
reduce the proinsulin:C-peptide ratio in 40-day-old 
rats.

Discussion:

Since its isolation from healthy human intestinal 
mucosa, Lp299v supplementation has been 
reported to benefit gastrointestinal health, improve 
gut barrier function, and reduce inflammation.57–59 

While the beneficial effects of other lactic acid bac-
teria taxa have been examined in diabetes,60,61 to 
our knowledge, Lp299v has not been studied in 
T1D. Given our experience with this probiotic to 
lower systemic inflammation in men with coronary 
artery disease,62 we hypothesized that Lp299v sup-
plementation would lower the endogenous inflam-
matory state in BB rats and slow diabetes 
progression. Because BB rats are gluten intolerant 
and gluten-free HCDs slow diabetes progression in 
this model,8,19 we investigated Lp299v supplemen-
tation in the presence of gluten-containing and 
gluten-free diets. Diabetes-free survival of DRlyp/ 
lyp rats provided HCD+Lp299v was greater than 
animals provided ND, ND+Lp299v, or HCD alone.

Previously, we determined that weaning dia-
betes-inducible BB DR+/+ pups onto HCD 
increased the abundance of lactobacilli and buty-
rate-producing taxa compared to animals provided 
ND.8 Given the improved diabetes-free survival of 
DRlyp/lyp HCD+Lp299v rats over the DRlyp/lyp 
HCD group, we postulated that Lp299v supplement 
promoted additional beneficial shifts in the micro-
biota. In humans, Lp299v supplement improved 
microbial diversity.63 Here, higher β-diversity was

cells. For each staining protocol, 3–5 animals were evaluated for each experimental condition, and 12–30 islets per animal were 
examined. For each protocol, negative controls lacking primary antibodies failed to show staining (not shown). As indicated, panels 
D-F show representive staining for DRlyp/lyp HCD and DRlyp/lyp HCD+Lp299v under each staining protocol. The right panel of each 
analysis shows quantification of fluorescence intensity in islets of the two experimental conditions for each staining protocol. * 
indicates p < .05; ** indicates p < .01 (t-test, 1-tailed). Magnification, ×40; scale bar, 50 μm. D. Gsta (Alexa594/red), insulin (FITC/ 
green), and nuclei (DAPI/blue). E. Nrf2 (Alexa594/red), insulin (FITC/green), and nuclei (DAPI/blue). F. Keap1 (Alexa594/red), insulin 
(FITC/green), and nuclei (DAPI/blue).
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measured in DRlyp/lyp HCD+Lp299v rats com-
pared to the other groups. Circulating propionate 
and butyrate levels were increased in DRlyp/lyp 
HCD+Lp299v rats, and these correlated with the 
abundances of Bifidobacteriaceae and Clostridiales, 
families known to include members that directly 
produce these SCFA.

SCFA are recognized by the G-protein coupled 
receptors free fatty acid receptor 2 (FFAR2) and 
FFAR3. Activation of these receptors by acetate, 
propionate, and butyrate promote anti- 
inflammatory responses in innate and adaptive 
immune cells,38–40 while fostering Treg differentia-
tion and activation.41 Probiotic supplementation of 
unaffected T1D siblings22 and metabolite-based 
dietary supplementation of T1D patients21 have 
been shown to increase circulating SCFA levels 
and promote greater regulatory bias in T and 
B cell profiles. Such analyses were not conducted 
here because the lymphopenia of DRlyp/lyp rats23 

confounds peripheral immunophenotyping studies 
and comparisons to human interventions.

In contrast, islets of DRlyp/lyp rats and human 
T1D patients exhibit important similarities. The 
DRlyp/lyp insulitic lesion begins 2–3 weeks before 
the onset of hyperglycemia and like humans, insu-
litis in DRlyp/lyp rats is not preceded by peri- 
insulitis and consists mainly of Th1-lymphocytes. 
Prior studies have shown that islets of DRlyp/lyp 
rats and human T1D patients both exhibit elevated 
innate immune activity that includes NF-κB activa-
tion and β-cell chemokine expression.8,64,65 β-cells 
are susceptible to overload and ER stress due to 
high fluctuating secretory demands, the propensity 
of proinsulin to misfolding,66 and relatively weak 
anti-oxidative defenses and repair systems for oxi-
dative DNA damage.67,68 Notably, DRlyp/lyp islets 
exhibit reduced anti-oxidative defenses compared 
to Flyp/lyp rats.37 This islet-specific deficiency may 
contribute to DRlyp/lyp T1D susceptibility because 
treatment of pups with the antioxidant N-acetyl 
cysteine reduces the severity of insulitis and delays 
diabetes onset.37 Importantly, β-cells express 
FFAR2 and FFAR3, and prior in vitro studies 
demonstrate that SCFA enhance viability, stimulate 
insulin secretion, support mitochondrial function, 
and promote antioxidant defense.69–71

DRlyp/lyp ND rats and DRlyp/lyp ND+Lp299v 
rats were indifferent in terms of diabetes-free

survival and SCFA levels. The DRlyp/lyp ND 
+Lp299v islet transcriptome exhibited elevated 
inflammatory activity in the ontological analysis 
as well as the highest transcript abundance for 
several proinflammatory mediators. This poten-
tially detrimental change was observed only when 
Lp299v was provided with ND, but not when 
Lp299v was provided with HCD. Similarly, in our 
study of coronary artery disease, Lp299v failed to 
lower inflammation among daily alcohol 
drinkers.62 Like alcohol consumption, gluten intol-
erance promotes dysbiosis, as well as increased gut 
permeability, circulating endotoxin, and systemic 
inflammation.8,72 In DRlyp/lyp ND+Lp299v rats, 
such physiologic changes may account for the 
blunted anti-inflammatory effects observed in the 
islet transcriptome and the failure of the probiotic 
to improve diabetes-free survival. This may be rele-
vant to probiotic interventions aimed at benefiting 
children with or at risk of developing T1D, as ~6% 
of T1D patients develop celiac disease, compared to 
~1% of the general population, suggesting a shared 
role of dietary gluten exposure in T1D and celiac 
disease pathogenesis.

The DRlyp/lyp HCD and DRlyp/lyp HCD 
+Lp299v groups both exhibited delayed T1D onset 
compared to DRlyp/lyp rats provided ND. Further, 
compared to DRlyp/lyp ND rats, the islet transcrip-
tomes of rats provided HCD exhibited reduced 
inflammatory activity, and this was more evident in 
DRlyp/lyp HCD+Lp299v islets. Inflammation pro-
motes oxidative stress and disrupts ER proteostasis, 
which fosters β-cell dysfunction and T1D pathogen-
esis. Consistent with this paradigm, in the presence 
of the gluten-mediated inflammatory state, islets of 
the DRlyp/lyp ND and DRlyp/lyp ND+Lp299v 
groups did not exhibit elevated ERAD, autophagy 
or cell survival/proliferation activity, and exhibited 
poorer function as reflected by higher proinsulin: 
C-peptide ratios in DRlyp/lyp ND rats. DRlyp/lyp 
HCD rats exhibited elevated autophagy-related activ-
ity which was confirmed by immunostaining for 
Tollip. In contrast to DRlyp/lyp HCD rats, DRlyp/ 
lyp HCD+Lp299v rats exhibited the greatest dia-
betes-free survival, the highest Atf6 expression, the 
lowest sXbp1 and Atf4 islet gene expression, and 
elevated ERAD-related activity. This observation is 
potentially important, as ERAD has recently been 
determined to play a key role in targeting misfolded
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proinsulin for proteosomal degradation in support 
of glucose-stimulated insulin secretion.73

To address whether the enhanced ERAD-related 
activity in DRlyp/lyp HCD+Lp299v islets was 
a consequence of SCFA directly acting on β-cells, 
RINm5f cells were cultured with propionate and 
butyrate. While reports describing the SCFA levels 
normally present in islets are lacking, we tested 
concentrations spanning 1) the plasma levels mea-
sured in the study groups; and 2) the SCFA gradient 
that exists between human hepatic portal blood and 
peripheral circulation.74 In RINm5f cells, transcripts 
related to ERAD and autophagy were not directly 
modulated in response to increasing SCFA concen-
trations. This does not exclude the possibility that 
these SCFA indirectly impact islet function through 
other mechanisms, including enteroendocrine, 
neural, and/or immune pathways (reviewed in42). 
It is also possible that other microbial metabolite/s 
associated with Lp299v supplement modulate the 
UPR. However, consistent with butyrate and pro-
pionate as established activators of the Keap1-Nrf2 
pathway,74 these SCFA inhibited Keap1 expression, 
promoted Nfe2l2 expression, and fostered expres-
sion of antioxidant target genes in RINm5f cells. 
This paralleled the transcriptomic profile and β-cell 
immunostaining for Nrf2, Keap1, and Gsta in 
DRlyp/lyp HCD+Lp299v islets. Importantly, Nrf2 
has emerged as a promising therapeutic target for 
diabetes. Increasing Nrf2 activity, either through 
Keap1 deletion or through treatment with the Nrf2- 
activator bardoxolone methyl, promotes rodent and 
human β-cell proliferation in both in vitro and 
in vivo settings.75–77 While the altered UPR 
responses in DRlyp/lyp HCD and DRlyp/lyp HCD 
+Lp299v islets cannot be directly attributed to SCFA 
levels, these effects may indirectly stem from the 
SCFA-mediated anti-inflammatory effects of pro-
biotic supplementation and/or increased expression 
of Nrf2 and its downstream targets.

Our future studies are aimed at understanding 
how environmental changes and dysbiosis may 
have contributed the higher T1D incidences 
observed worldwide. This preclinical study links 
Lp299v supplement to improved diabetes-free sur-
vival as well as enhanced expression of β-cell ERAD 
and antioxidative defense responses. It also provides 
an initial framework for understanding how β-cells 
in newly diagnosed T1D patients may be influenced

by Lp299v supplement in an ongoing intervention 
(https://www.clinicaltrials.gov:NCT04335656). 
Limitations of the present study include focus on 
a single pre-insulitis time-point, analysis of the 
microbiota by only amplicon sequencing, and lack 
of a heat-killed Lp299v group to enable differentia-
tion of contact-mediated (e.g., lipoteichoic acid, exo-
polysaccharides, cell surface appendages) versus 
secreted (e.g., SCFAs, bacteriocins) molecules. The 
ability to modulate the β-cell UPR and boost anti-
oxidative defense responses is significant as there is 
a need for safe, broadly applicable therapies to 
reduce diabetes risk in susceptible individuals and 
slow progression before and after clinical onset.
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